The magnetic hyperfine interaction between the electron and nuclear spin system of 33 Cr 3+ was studied at the Mg sites, Ml and M2, in Mg2>Si04. The study was undertaken at room temperature and 9.52 GHz. The hyperfine structure data exhibit a covalent Cr-0 bonding of approximately 10% indicating a mainly but not purely ionic bonding. Including the corresponding results obtained for 57 Fe 3+ [1] and 55 Mn 2+ [2] in Mg2Si04, this is interpreted such that the bonding of transition metal ions is mainly dominated by the oxygen sublattice in Mg2Si04 and less by the properties of the transition metal ions themselves. The small variation of the hyperfine splitting parameters found for 53 Cr 3 f at Ml and M2, and also for 57 Fe 3+ at these positions indicates that the hyperfine interaction varies also with varying average metal oxygen distances as well as with changes in the oxygen coordination size.
I. Introduction
Electron spin resonance (ESR) investigations of the paramagnetic impurity ions, Fe 3+ [1] , Mn 2 + [2] , and Cr 3+ [3] in forsterite, Mg2SiC>4, have primarily dealt with the fine structure (FS) terms, Bk m , which can be obtained by fitting an appropriate effective spin Hamiltonian operator to the observed ESR transitions. The hyperfine interaction between the electron and nuclear spin system of the isotopes 57 Fe, 55 Mn, and 53 Cr was also measured. However, there is so far no general discussion of the hyperfine structure (HFS) data with respect to the properties of the positions substituted by the above ions in Mg2SiC>4. Therefore, in this paper we present our investigation of the 53 Cr 3+ -HFS-interaction. The results will be compared with corresponding studies of 57Fe 3 + [1] and 55Mn 2 + [2] in the forsterite crystal.
II. Crystal Structure
The well known structure of Mg2Si04 [4] 
III. Theory
The 
The first term describes the Zeeman interaction between the effective electron spin S and the applied magnetic field H. The second and third terms depend on the second and fourth derivatives, respectively, of the crystal field potential at the substitutional site. They are called fine structure (FS) terms and stand for the interaction of the effective electron spin S with the electric field derivatives at the paramagnetic center. In the fourth term the tensor A represents the hyperfine interaction between the electron (S) and the nuclear (I) spin of the paramagnetic ion. For a predominantly orthorhombic environment the fourth term can be written [6] as
A and B will, in general, be made up of contributions from the orbital, spin dipolar, and Fermi contact interactions. They depend on the ion itself and in particular on the ground state of the ion under investigation.
The electron configuration of Fe 3+ and Mn 2+ is [Ar]3d 5 and of Cr 3+ [Ar]3d 3 where [Ar] denotes the electron configuration of the noble gas argon. In the high spin state these configurations result in an orbital singlet i.e., the orbital momentum L of Fe 3+ , Mn 2+ , and Cr 3+ is quenched or, in other words, the expectation value of L is zero. Then, the ground state hyperfine interactions are almost entirely due to the contact and spin-dipolar terms. However, spin-orbit coupling either by itself or in conjunction with low-symmetry crystal field matrix elements mixes in excited states, thereby reintroducing an orbital contribution into A and B.
The same mixing carries the electron g shift from 2.0023, and one can often write the orbital hyperfine terms [6] Ag\\ and Agj_ arc the parallel and perpendicular electron g shifts, /uo and /// are the Bohr and nuclear * For brevity the interaction of the nuclear spin I with the external magnetic field H as well as the quadrupole interaction have been omitted in Equation (1) . magnetons, gi is the nuclear spectroscopic splitting factor and <V -3 > refers to the 3d orbitals of the paramagnetic ion under investigation. Provided there are no contributions which arise from electron transfer or high order effects, (3.1) and (3.2) will supply accurate estimates of the orbital hyperfine contribution to A and B.
If the hyperfine interaction is assumed to be mainly isotropic, i.e. A > B, the relation //HF = AS/gi/ui (4) approximately determines the magnetic hyperfine field // HF at the nuclear site [7] . Experimental and theoretical estimates show that for 3d w ions the normalized hyperfine field i/ HF /2$ is roughly constant for ions of common valency in common environments. Significant deviations from the constancy are assigned to covalent contributions in the metal-ligand bonding. Therefore, the investigation of the hyperfine interaction is one method to obtain information on the covalency of the metal-ligand bonding [8] .
IV. Experimental Results and Discussion
Due to the hyperfine interaction, the ESR fine structure lines of Fe 3+ and Cr 3+ are centered by 21 -j-1 approximately equally spaced hyperfine structure (HFS) lines (Fig. 2) where I is the nuclear spin of the isotopes 57 Fe and 53 Cr. The intensity of the HFS lines results from the abundant transition metal isotopes with a nuclear spin I. For example, in the case of the chromium doped forsterite the Cr-HFS-intensity is roughly 10% according to the 9.42% natural abundant 53 Cr isotope with 7 = 3/2. For Mn 2+ only HFS lines exist (Fig. 2 a) The hyperfine interaction between the nuclear spin (1=3/2) and the effective electron spin (£=3/2) of 53Qr3+ jn forsterite was studied at room temperature and 9.52 GHz. The four hyperfine lines are well resolved (Fig. 2 c) and their splitting, AH, depends on the crystal orientation with respect to the applied external magnetic field (Figure 3 ). At M2 positions the angle dependence of AH is small, whereas at Ml positions it is very distinct. Thus, Fig. 2 
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The notations (1-2) and (3-4) are as in Figure 2c .
• Fig. 4 . Angle dependence of the Cr 3+ fine structure ESRtransitions at Ml and M2. The notation is the same as in Fig. 2 c and Figure 3 . in the following we will discuss the hyperfine splitting of 53Qr3+ at Ml positions in more detail.
Comparing the rotation pattern of AH in Fig. 3 with that of the ESR fine structure transitions in Fig. 4 , it is apparent that the angles for the maximum magnetic resonance fields, //res, max, agree well with the angles for the minimum I^perfine splitting zl/Tmin-The angles refer to the crystal axes system and are listed in Table 1 . To understand the reason for this we transformed, by example of the Cr 3+ (1-2) ESR transitions, the magnetic resonance field //res from the crystal axes system into the principal axes system of the crystal field tensor (1) can be considered to be collinear [9] and it is justified to calculate the hyperfine constants by solving the energy matrix which was constructed of Eqs. (1) and (2).
The hyperfine constants, A and B, thus obtained for 53C!r3+ at Ml and M2 positions revealed A > B in accordance with the assumed collinearity of the tensors g and A which means that the electron and nuclear moments are aligned along the main symmetry axis of the crystal field tensor. Therefore, the 53 Cr hyperfine interaction is denoted by the hyperfine splitting parameter A, which is listed in Table 3 . The limit of error of A at Ml and M2 is relatively large. This is due to the experimental inaccuracy in determining the magnetic resonance fields for the hyperfine transitions.
The contributions to the Cr 3+ HF field are mainly due to the orbital and core polarization HF fields.
According to the experimental result A > B the crystalline field may be assumed to be nearly cubic and, thus, the dipolar contribution to the HF field should be negligible [5] . The orbital HF field can be estimated by the relation #5b= 2.0023 fiBSAg&v{r-3 y
if Ag is entirely due to orbital effects and isotropic.
For 3d 3 ions the normalized orbital HF field is small in comparison to the HF field produced by the core polarization effect [5] . It varies with the metal-oxygen distance in such a w r ay that the orbital HF field increases with increasing M-0 distance. Assuming an isotropic gr-shift from 2.0023, we may estimate from the eigenvalues of the Cr 3+ -gr-tensor at Ml and M2 [3] that Ag&v& 0.031 and Ag&x ^ 0.041, respectively. From Eq. (5) we then obtain a larger orbital field at M2 than at Ml in accordance with the average metal oxygen distances at these positions (see Table 3 and Section II).
Because the dipolar contribution to the magnetic hyperfine field at the chromium site is negligible, the difference between the experimental magnetic hyperfine field (Eq. (4)) and the orbital HF field (Eq. (5)) may then be attributed to the core polarization HF field
In contrast to the orbital the core polarization hyperfine field has been observed to be independent from the atomic distances within the host lattice.
Regarding the limits of error of the parameters A at Ml and M2, this is in qualitative agreement with the values obtained for H^F (Table 3 ) at these positions.
From Table 3 it can be noted that the parameter A seems to be slightly smaller at Ml than at M2.
This may be interpreted such that the covalency of can then be used to calculate the degree of covalency. Taking the electronegativities XA,B from Gordy and Thomas [12] , from Eq. (7) an average co valency of apparently 10% was obtained for the Cr-0 bond in forsterite.
For comparison, the corresponding magnetic hyperfine parameters A obtained for the ions 57 Fe 3+ and 55 Mn 2 + in forsterite are also listed in Table 3 . The hyperfine interaction and covalency of Mn 2+ ions in different hosts were already discussed in detail by Simänek and Müller [7] , and van Wieringen [8] . According to that, the hyperfine constant decreases with increasing covalency. At M2 in forsterite the 55 Mn 2+ -HF constant is isotropic and yields 84.5 • 10 -4 cm -1 [2] , Comparing this value with published data [7, 8] the covalent contributions to the Mn-0 bond in forsterite turns out to be roughly
10%.
Likewise, the hyperfine constants of 57 Fe 3+ at Ml, M2 and the silicon position in forsterite have already been discussed by Niebuhr [1] . Their values for an octahedral and tetrahedral coordination agree with corresponding literature [13] . For the two octahedrally coordinated Ml and M2 sites one obtains a covalent contribution to the Fe-0 bond of roughly 13%. However, as found for the Cr-0 bonds, the covalency of the Fe-0 bonds also seems to increase slightly with decreasing metal oxygen distance. Actually, the covalent contributions for the Mn-0 and Fe-0 bonds in forsterite were deduced from gauge curves given by Simanek and Müller [7] and Henning [13] , respectively, and not calculated from
Conclusions
In summary, we establish that the ions Fe 3+ , Mn 2+ , and Cr 3+ in their sixfold oxygen coordination in forsterite exhibit a covalent bonding of 10 to 15%, i.e. the bonding of these transition metal ions is not purely but mainly ionic. This may be interpreted such that the covalent contribution to the metal oxygen bonding is mainly dominated by the oxygens and less by properties of the transition metal ions themselves, like ionic radius and electron configuration. Further, the small variation of the HF-splitting parameters found for 53 Cr 3+ at Ml and M2, and also for 5 7 Fe 3+ at these positions [1] indicates that the HF-interaction varies with varying metal oxygen distances.
There are a series of methods like ESR, NMR, Compton scattering, Mössbauer and photoelectron spectroscopy to investigate covalency effects. However, to date it is still a problem to extract detailed information about the spin and charge distribution in the investigated complex from the experimental results, and to discuss this information with respect to the electronic structure of the complex. This problem is also valid for the above discussion, which gives only a qualitative interpretation of the investigated transition metal oxygen bonds in forsterite. For a more detailed discussion of this problem, additional experiments like, e.g., ENDOR measurements are necessary.
